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Edited by Ulfo-Ingo Flu¨ggeAbstract The b-glucan-binding protein (GBP) of soybean (Gly-
cine max L.) has been shown to contain two diﬀerent activities.
As part of the plasma membrane-localized pathogen receptor
complex, it binds a microbial cell wall elicitor, triggering the
activation of defence responses. Additionally, the GBP is able
to hydrolyze b-1,3-glucans, as present in the cell walls of poten-
tial pathogens. The substrate speciﬁcity, the mode of action, and
the stereochemistry of the catalysis have been elucidated. This
deﬁnes for the ﬁrst time the inverting mode of the catalytic mech-
anism of glycoside hydrolases belonging to family 81.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Non-self-recognition is a critical prerequisite for the defence
of potential pathogens by any living organism. The ability to
perceive signals speciﬁc for an invader or generated during at-
tack of the host depends on the existence of receptors, proteins
or protein complexes which interact with pathogen-derived sig-
nals and translate them into cellular responses. In soybean
(Glycine max L.), a receptor complex has been identiﬁed which
is responsible for the highly speciﬁc and sensitive recognition
of pathogenic oomycetes by use of a distinct constituent of
the cell wall [1–3]. The structure of this pathogen-associated
molecular pattern, derived from the cell walls of Phytophthora
sojae, which triggers defence responses in soybean cells, was
described more than 20 years ago [4]. It consists of a b-1,6-
linked glucose backbone with b-1,3-branches and represents
just one out of approximately 300 structurally diﬀerent hepta-
meric glucans [4]. The hepta-b-glucoside (HG) with the highest
activity for the elicitation of defence responses also proved to
be a high-aﬃnity ligand for the pathogen receptor of soybean
[5–7]. The plasma membrane-localized b-glucan-receptor com-Abbreviations: CaM, calmodulin; CBM, carbohydrate-binding mod-
ule; CBP, calmodulin-binding peptide; GBP, b-glucan-binding protein;
GH, glycoside hydrolase; HG, hepta-b-glucoside; TAP, tandem-aﬃn-
ity puriﬁcation
*Corresponding author. Fax: +49 89 1782274.
E-mail address: ﬂiegmann@lrz.uni-muenchen.de (J. Fliegmann).
0014-5793/$30.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2005.10.060plex of approximately 240 kDa contains a 75 kDa protein spe-
cies and possibly a yet unknown additional 100 kDa protein
[2,8]. The 75-kDa protein was isolated and characterized as
the high-aﬃnity binding protein for the HG [3,9]. Recently,
a second activity for the b-glucan-binding protein (GBP) was
deciphered, namely the hydrolysis of b-1,3-glucans [10]. This
ﬁnding substantiated an earlier designation of the GBP as a
member of the family 81 of glycoside hydrolases (GH-81), as
listed in the CAZy database [11]. We set out to characterize
the substrate speciﬁcity and the stereochemistry of the glu-
cohydrolytic activity in more detail aiming at a better under-
standing of the biological relevance of the dual function of
the GBP. As a prerequisite, a heterologous expression system
was adapted, allowing the aﬃnity-puriﬁcation of the recombi-
nant protein, synthesized in an eukaryotic host, by the use of
the interaction between calmodulin (CaM) and a short cal-
modulin-binding peptide (CBP).2. Materials and methods
2.1. DNA manipulations
DNA manipulations were performed using standard procedures
[12,13] and according to the manufacturers instructions. Double-
stranded oligonucleotides (100 pmol) were either generated by heating
the equimolar mixture of sense and antisense oligonucleotides to 75 C
and cooling to room temperature in a water bath prior to a standard
ligation reaction with linearized plasmid DNA (TEV, see below) or
they were added directly into the ligation reaction mix and ligated
using temperature-cycling (myristoylation signal peptide, Myr-pep)
[14]. DNA fragments were ampliﬁed using the proof-reading Pfu-Poly-
merase (Promega).
2.2. Construction of an aﬃnity tag vector for puriﬁcation of recombinant
GBP variants from yeast lysates
The tandem aﬃnity puriﬁcation (TAP) tag-containing plasmid
pBS1479 (EUROSCARF) was digested with EcoRI and religated to
remove the internal HindIII-site. The TAP-tag was released by diges-
tion with BamHI and inserted into pPC86 which was previously line-
arized with BglII. After reorientation of the insert, the fragment
containing the sequence encoding the CBP was ampliﬁed using the vec-
tor-speciﬁc pPC86-forward primer and a reverse primer which added a
NotI-site to the 3 0-site of the fragment (CBP-reverse, Table 1). Using
the SalI-site originating from the MCS of pPC86 and NotI, the 120-
bp fragment was inserted into pYes-M. pYes-M was derived from
pYes2 (Invitrogen), digested with HindIII and EcoRI, by insertion of
the double-stranded oligonucleotide (Myr-sense/Myr-antisense, Table
1) encoding a Myr-pep [15]. The resulting plasmid pYes-M/CBP was
linearized between the CBP- and the Myr-pep encoding fragments with
SalI and EcoRI and the double-stranded oligonucleotide TEV-sense/
TEV-antisense was inserted by ligation yielding pYes-M/TEV/CBP.blished by Elsevier B.V. All rights reserved.
Table 1
Oligonucleotides used for the construction of the expression plasmid
Name Sequence (50 ﬁ 3 0) Restriction sites
pPC-forward CTATCTATTCGATGATGAAGAT –
CBP-reverse ATAGCGGCCGCTAATCAAGTGCCCCGGA NotI
Gbp-forward TATGGATCCATAACAATGGTTAACATCC BamHI
Gbp-reverse ATTGAGCTCTATGGCCATTCATCACTTCTGCTAT MlsI
Myr-sense agctTCTAGACCATGGGTAATTCAGCTTCTAAGAGTCGACAGGG SalI
Myr-antisense aattCCCTGTCGACTCTTAGAAGCTGAATTACCCATGGTCTAGA SalI
TEV-sense TCGAGGATCCGAATGGCCAGAAAATTTGTATTTTCAAGGTG BamHI, MlsI
TEV-antisense aattCACCTTGAAAATACAAATTTTCTGGCCATTCGGATCC MlsI, BamHI
Only those restriction sites included in the oligonucleotides which were relevant for the cloning procedures are underlined and listed. Small letters
correspond to single-stranded overhangs, which are formed after hybridization of the respective sense and antisense oligonucleotides, and which
generate annealing sites for enzyme-restricted DNA.
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was ampliﬁed by use of primers Gbp-forward and Gbp-reverse, di-
gested with BamHI and MlsI and inserted into the appropriately pre-
pared plasmid. The ﬁnal plasmid pYes-M:GmGbp/TEV/CBP was
checked by sequencing and used for the transformation of yeast.
2.3. Recombinant protein expression
Recombinant GBP was obtained from infected insect cells as de-
scribed [9,10] or from transformed Saccharomyces cerevisiae strain
INVSc2 (Invitrogen) as follows. Yeast was transformed using the
LiAc/single-stranded carrier DNA method, essentially as described
[16]. Transformants were selected on synthetic media containing glu-
cose (SC/gluc Ura: 0.17% yeast nitrogen base, 0.5% ammonium sul-
fate, 2% glucose, 0.13% drop out powder lacking uracil, pH 5.9–6.0;
2% agar). For protein expression, liquid SC/gal Ura medium (2%
galactose instead of glucose) was inoculated with transformants grown
overnight in liquid SC/gluc Ura and washed twice with water to a
ﬁnal OD600 of 0.5. Cells were harvested after 20–24 h, at which time
the OD600 usually reached approximately 2.
2.4. Aﬃnity puriﬁcation
The procedure for puriﬁcation of the tagged GBP was adapted from
[17]. Brieﬂy, cells were mechanically broken after suspension in extrac-
tion buﬀer (25 mM Tris–HCl, pH 7.5; 150 mM NaCl; 1.5 mM MgCl2;
1% Nonidet P40 (octylphenolpoly(ethylenglycolether), Roche Applied
Science)) containing protease inhibitors (miniprotease inhibitor cock-
tail, EDTA-free, Roche Applied Science) by using an equal volume
of glass beads (0.4–0.6 mm). The lysate was recovered after two serial
centrifugation steps (25000 · g, 20 min; 100000 · g, 1 h) and either
dialyzed overnight against buﬀer D (15 mM Tris–HCl, pH 7.5;
150 mM NaCl, 1 mMMgCl2; 0.05% Nonidet P40) or precipitated with
ammonium sulfate. The precipitated proteins collected between 35%
and 75% of salt saturation were dissolved in CaM-binding buﬀer (as
buﬀer D, but 0.1% Nonidet P40; 2 mM CaCl2 and 1 mM imidazole).
The CaM aﬃnity resin (Stratagene) was prepared according to the
instructions and equilibrated in CaM-binding buﬀer. Protein samples
(redissolved precipitate or dialysate, adjusted to the conditions of the
CaM-binding buﬀer) were transferred to the column containing the re-
sin and circulated at room temperature for 2–4 h. After washing the re-
sin (nine times with CaM-binding buﬀer), the bound proteins were
step-wise eluted with CaM-elution buﬀer (same as CaM-binding buﬀer,
but 2 mM EGTA instead of CaCl2). If necessary, the combined eluate
fractions containing the major protein peak (usually fractions 2–4)
were desalted by the use of gel ﬁltration (PD-10 column, Amersham
Biosciences) and freeze-dried.
2.5. Enzyme assays
b-1,3-Glucanase activity was assayed as described using 0.1 mM
laminarioligosaccharides (MoBiTec) or 0.1 mg/ml reduced laminarin
as substrates [10].
2.6. Electrophoretic methods
SDS–polyacrylamide gel electrophoresis was performed as described
[18] with 10% acrylamide in the separating gel.Western blotting analysis
of proteins was performed as described [10] with the followingmodiﬁca-
tions: binding sites of the membrane were saturated by incubating theblots three times for 20 min at room temperature in GNET-buﬀer
(0.25% gelatine in 150 mM NaCl, 5 mM EDTA, 50 mM Tris–HCl,
pH 7.5, 0.05% Triton X-100). Anti-GBP antiserum [9] and secondary
antibody were diluted 1:10000 and 1:20000 in GNET-buﬀer, respec-
tively. Unspeciﬁc binding was reduced by washing the blots once in
TBS including 0.1% Tween 20 and twice with TBS without detergent.
Polysaccharide analysis using carbohydrate gel electrophoresis was per-
formed as described using 17.5% acrylamide [10,19].
2.7. NMR spectroscopy
The stereochemistry of the hydrolysis reaction was determined by 1H
NMR performed at 303K on a Bruker Avance 400 spectrometer
equipped with a 1H 5 mm probe and operating at 400 MHz. All spectra
were recorded in 99.96% D2O. The hydroxyl protons of the b-1,3-glu-
can substrate, laminarin from Laminaria digitata (Fluka), were ex-
changed with 99.8% D2O by freeze-drying. Puriﬁed recombinant
GBP (360 lg in 50 mM sodium phosphate buﬀer, pH 6) was freeze-
dried prior to use. During acquisition, the residual water signal was
removed by moderate water presaturation (59 dB attenuation). The
spectrum of laminarin (6 mg in 540 ll D2O) was recorded as reference
(t = 0). Puriﬁed recombinant GBP (360 lg in 420 ll D2O) was added to
a new batch of laminarin (6 mg in 120 ll D2O). The ﬁrst
1H NMR
spectrum was recorded 10 min after the addition, subsequently spectra
were collected every 5 min for 30 min, and every 10 min for the next
90 min. All spectra were recorded over a 4006 Hz spectral width with
8 scans for a total recording time of 38 s each.3. Results
3.1. Substrate speciﬁcity of the recombinant GBP
We previously demonstrated a dual activity for the GBP
from soybean, namely the speciﬁc and high-aﬃnity binding
of the b-1,6-linked and b-1,3-branched hepta-b-glucoside
elicitor [9] and the hydrolysis of b-1,3- but not b-1,6-linked
synthetic and natural glucans [10]. To further characterize
the enzymatic properties of the GBP, we analyzed the time-
dependence of the hydrolysis of b-1,3-linked oligosaccharides,
using the recombinant GBP produced in insect cells (Fig. 1).
Laminaritetraose was the shortest of the oligosaccharides
which was eﬃciently cleaved by the GBP, which neither hydro-
lyzed the dimeric nor the trimeric laminarioligosaccharides.
The hydrolysis of laminaripentaose yielded the dimeric and
the trimeric glucosides in equimolar amounts. Hydrolysis of
laminarihexaose and -heptaose proceeded through the tetra-
meric or tetra- and pentameric intermediates, respectively, to
yield again only laminaribiose and -triose. There was no evi-
dence for the liberation of glucose. Altogether, these data indi-
cate an endo-mode of attack of the substrate by the GBP. The
velocities of the particular hydrolytic reactions were noticeably
diﬀerent depending on the diﬀerent substrates. The half-life for
laminaritetraose under our assay conditions was estimated to
Fig. 1. Hydrolysis of oligosaccharides by the recombinant GBP. Laminarioligosaccharides of diﬀerent sizes were incubated with a soluble protein
extract derived from infected insect cells (Sf9:GmGbp) for the times indicated. The reaction products and standards (M) were derivatized with ANTS
(8-aminonaphthalene-1,3,6-trisulfonic acid), a charged ﬂuorochrome, separated on a 17.5% (w/v) polyacrylamide gel, and visualized by UV light
(366 nm) for video documentation. For the controls (C), a soluble protein extract derived from wild type-virus infected insect cells (Sf9:wt-virus) was
incubated for 3 h with the respective oligosaccharides. Substrates and standards used were: laminaribiose (L-biose, L2), laminaritriose (L-triose, L3),
laminaritetraose (L-tetraose, L4), laminaripentaose (L-pentaose, L5), laminarihexaose (L-hexaose, L6), and laminariheptaose (L-heptaose, L7),
glucose (only as standard, Glc).
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inaripentaose, -hexaose, or -heptaose was obvious after only
approximately 4 min of incubation or less, respectively
(Fig. 1).
3.2. Generation of an expression plasmid for yeast and
puriﬁcation of the CBP-tagged GBP
More thorough investigations of the enzymatic properties of
the GBP required the puriﬁcation of the recombinant protein.
To take advantage of an easier and faster system for protein
production in an eukaryotic host, we switched to S. cerevisiae.
An expression plasmid was customized with the eﬀect of the
addition of several features to the recombinant protein: an
N-terminal myristoylation peptide which, after acylation
in vivo, eventually attaches the protein to the plasma mem-
brane [15] and a C-terminal CBP separated from the target
protein by a TEV-protease cleavage site, as present in the
TAP-tag vector series [20]. The combination of these features
in the expression plasmid was implied from the observation
that the total yield of recombinant GBP was always higher if
the Myr signal peptide was present at the N-terminus (J.F.,
unpublished data). Fractionation of cell free extracts from
yeast cells expressing either the Myr-GBP/TEV/CBP fusion
or the version lacking the myristoylation signal resulted in
the recovery of the GBP both in soluble and in microsomal
protein fractions. The addition of 1% of the non-ionic deter-
gent Nonidet P40 during breakage of the cells resulted in a
higher yield of soluble protein, when compared to lysis condi-
tions without detergent (data not shown). The application ofthese modiﬁcations to standard yeast protein extraction proce-
dures allowed the unambiguous detection of enzymatic activity
for the recombinant GBP expressed in yeast cells, with at least
ﬁve times higher speciﬁc endo-glucanase activities in the lysates
when compared to vector-transformed control yeast cells. We
observed that dialysis of the lysates, as described [17], was not
suﬃcient for optimal performance of the aﬃnity puriﬁcation
procedure, probably due to the high detergent concentrations
during the preparation of the lysate. The recovery of the
CBP-tagged GBP after aﬃnity chromatography amounted to
only about 3% of the total activity present in the lysates repre-
senting an enrichment of the speciﬁc activity of approximately
11-fold. The substitution of dialysis with ammonium sulfate
fractionation resulted in the recovery of approximately 32%
of the initial soluble activity, concurrent with an increase of
the speciﬁc activity of approximately 240-fold. The puriﬁcation
method typically resulted in rather pure fractions containing
only trace amounts of contaminating proteins (Fig. 2A). The
analysis of the puriﬁcation procedure by immunoblotting
again demonstrated the presence of the GBP in both, micro-
somal and soluble protein fractions (Fig. 2B, lanes 1 and 2;
[10]), and the eﬃcient removal of the tagged GBP from the pre-
cipitated proteins collected between 35% and 75% of ammo-
nium sulfate saturation after circulation on the CaM aﬃnity
resin (Fig. 2A and B, compare lanes 3 and 4). The column
was washed until non-adsorbed protein was no longer detect-
able (Fig. 2B, lane 5) and CaM-bound proteins were subse-
quently eluted by chelating calcium ions (Fig. 2A and B,
lanes 6–10).
Fig. 3. Time course of laminarin degradation by puriﬁed GBP. 1H
NMR spectra of the anomeric region without enzyme, recorded at
40 C (A), and after 10, 40 and 90 min of incubation with the enzyme
at 30 C (B–D).
Fig. 2. Puriﬁcation of the CBP-tagged GBP from yeast cells. Protein
fractions were loaded in duplicate on 10% SDS–polyacrylamide gels in
the following order: lane 1, microsomes; 2, lysate; 3, 35–75%
ammonium sulfate-precipitated fraction; 4, CaM aﬃnity resin ﬂow-
through; 5, wash fraction 9; lanes 6–10, CaM-aﬃnity resin eluate
fractions 1–5. Three lg protein or 10 ll of the fractions were applied to
the lanes 1–4 or 5–10, respectively. The positions of co-chromato-
graphed molecular size markers are denoted to the right. (A) Silver
staining. (B) Immunoblot analysis of the proteins transferred to a
nitrocellulose membrane using anti-GBP antiserum and alkaline
phosphatase-coupled anti-rabbit secondary antibody.
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ity of the puriﬁed tagged protein was determined to be 39 lg/
ml of laminarin, which closely resembled the value for the Km
derived from the aﬃnity-puriﬁed endogenous GBP from soy-
bean (49 lg/ml). The close correspondence of substrate aﬃnity
between the endogenous GBP and the recombinant fusion pro-
tein from yeast showed that there was no need for the removal
of the CBP tag in order to retain wild-type properties of the
GBP. For a comparison, the GBP expressed in insect cells
showed substrate aﬃnities towards laminarin of 42–262
lg/ml [10].
3.3. Stereochemical outcome of the catalyzed reaction
The stereochemical course of the hydrolytic reaction exe-
cuted by the GBP was monitored by use of 1H NMR spectros-
copy. Approximately 0.36 mg of the puriﬁed CBP-tagged GBP
was incubated with 6 mg laminarin as substrate and spectra
were recorded at diﬀerent time points (Fig. 3). Prior to the
addition of the enzyme, the spectrum of the anomeric proton
region (4.4–5.3 ppm) displayed a doublet centered at
4.75 ppm, representing the signal of the axial H-1 protons of
the internal b-1,3-linkages, but nearly no signals corresponding
to free reducing ends of the polymer were detectable (Fig. 3A).
Ten minutes after the addition of the enzyme, a new doublet
was observed at 5.20 ppm with a splitting of 7.8 Hz, corre-
sponding to the equatorial H-1 of the reducing glucosyl unit
(Fig. 3B). In the course of the experiment, the spontaneous
mutarotation of the newly generated a-anomer yielded a signal
centered at 4.63 ppm, assignable to the H-1 b-anomer of the
reducing unit (Fig. 3C and D). This spectroscopic analysis
unequivocally demonstrated that hydrolysis of the b-1,3-glu-
can catalyzed by the GBP proceeded with inversion of the ano-meric conﬁguration, presumably using a single displacement
mechanism.4. Discussion
In soybean, the 75-kDa GBP was postulated to be essential
but not suﬃcient for a functional b-glucan receptor [10]. In
addition to the capacity for high-aﬃnity binding of the b-glu-
can elicitor, the GBP contains a second activity which con-
sists in the hydrolytic attack of 1,3-linked b-glucans. The
proof of this intrinsic enzymatic activity coherently ﬁtted to
the classiﬁcation of the GBP as a member of the family 81
of glycoside hydrolases, as proposed earlier [11]. Besides
putative plant homologs of the soybean GBP, the family 81
lists a number of glucanases of fungal origin and two bacte-
rial accessions [11]. The fungal enzymes and the plant GBPs/
GBP-like proteins share only a low overall identity of their
amino acid sequences with the exception of two peptide mo-
tifs in the C-terminal parts of the proteins [10,21,22]. In con-
trast, the catalytic properties are very similar as, for example,
similar substrate speciﬁcities were observed for the fungal and
the plant enzymes, with a rather strict restriction to soluble b-
1,3-linked glucans [10,21–23]. The b-1,3-glucanase Engl1 of
Aspergillus fumigatus, which represents the fungal member
of the GH-81 group for which the most detailed analyses
concerning the enzymatic mechanism are available up to
now, has been shown to eﬃciently hydrolyse soluble b-1,3-
glucans down to a degree of polymerisation of ﬁve with com-
parable Km values [22,23]. The GBP cleaved the tetrameric
laminarioligosaccharide as well (Fig. 1), but with a strongly
reduced velocity when compared to the larger oligomers, as
was observed for Engl1 [23]. The GBP and, very likely, other
active enzymes of the GH-81 family cleave the b-glucan
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linkage, suggesting an endo-mode of action (Fig. 1) [22,23].
The hydrolysis occurs with the inversion of the conﬁguration
at the anomeric C1, liberating the a-anomer of the b-1,3-glu-
can, as we have determined using the aﬃnity-puriﬁed tagged
version of the GBP (Fig. 3). The sequence-based classiﬁcation
of GH-families reﬂects the structures rather than the speciﬁc-
ities of the enzymes [24]. Therefore, the environment of the
active site of the GH-81 proteins is expected to be conserved
as well, dictating a common catalytical mechanisms for all
members of one family [25]. The ﬁrst description of an invert-
ing b-1,3-endo-glucanase was that of the Streptomyces maten-
sis laminaripentaose hydrolase which belongs to family 64
[26].
In contrast to the conserved catalytic mechanism and sub-
strate speciﬁcity, the physiological role and subcellular local-
ization of the GH-81 members are rather diverse. In the
ﬁlamentous fungus, A. fumigatus, the O-glycosylated Engl1p
was found to be localized to the cell wall, where it was sug-
gested to have a non-essential role during growth and devel-
opment [22,23]. In yeast, the GH-81 representative Eng1p
localized to speciﬁc structures of the cell wall concomitant
with cell division [21,27]. Eng1p null mutants in both, bud-
ding as well as ﬁssion yeast, showed phenotypes related to
cell separation, indicating a role of the enzymes during the
dissolution of the cell walls [21,27]. In contrast to the func-
tion of the fungal GH-81 representatives in endogenous cell
wall remodelling, the GBP from soybean is directed against
foreign cell walls. We previously demonstrated that the
high-aﬃnity b-glucan-binding site contained in the GBP
localized at least partially to the plasma membrane, enabling
the extracellular perception of the exogenous cell wall elici-
tors [10,28]. The existence of soluble fractions of the GBP,
which were shown to be devoid of b-glucan elicitor-binding
activity, might correlate with the second function of the
GBP, the hydrolytic attack of microbial cell walls [9,10].
We previously indicated the possible existence of two dis-
tinct protein domains in the GBP, one corresponding to
the high-aﬃnity b-glucan-binding site and one containing
the catalytically active module, as suggested by the inability
of a ligand of the b-glucan-binding site to inhibit the hydro-
lysis of laminarin [10]. Moreover, with substrate concentra-
tions up to 10 times of the Km no product inhibition
could be observed (J.F., unpublished data). A modular
organization can be regarded as a general characteristic of
glycoside hydrolases, which often are accompanied by one
or more carbohydrate-binding modules (CBM) [29]. How-
ever, neither the plant nor the fungal GH-81 members con-
tain any CBM-related sequences. Therefore, the localization
of the glucan-binding sites in these proteins remains un-
known at the moment. Interestingly, one bacterial family
81 member, a laminarinase from Bacillus halodurans, is dis-
tinguished by a C-terminally located family 6 CBM, which
targets the enzyme to the non-reducing ends of b-1,3-glucan
chains [30].
In summary, the family 81 combines an interesting variety of
glycoside hydrolases. Members of the family are responsible
for rather diverse physiological functions such as cell wall
organization, pathogen defence, or carbon utilization, and per-
form their tasks on a narrow range of substrates for which the
stereochemistry of the cleavage has now been elucidated using
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